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SUMMARY

An investigationwas undertaken to obtain an improvement ti the
high+bemperature properties and resistance to creep of magnesium+ erium
forging alloys. ltrompreliminary tests, it was decided that the best
cortibinationof tensile properties at room temperature and at 6000 F, as
well as meximum resistance to creep, was produced by the etiusion of

7a 2E –inch billet to 3/4 inch at 1000° F, at a speed of k.11 inches per

min;te, fol.lowedby a solution heat treatment and an aging treatment.
Also as a result of these tests, a magnesium-ceri~ese ~oy
containing 6 percent cerium.and 2 percent manganese was chosen as the
base composition for the experimental alloys.

The experimental heats were made by minor element adtitions to this
base composition. Tensile properties at 70° “and6000 F were then
obtained on these experimental alloys, and in addition most of the
compositions were subjected to short-time creep tests at 6000 F. The
tensile properties were apparently improved by the addition of silver,
barium, cadmium, nickel, sodium, stiontium, or zirconium. Of these
elements, nickel had the most outstanding beneficial effect. The most
plausible method of iqroving creep resistance appeared to be the addi–
tion of a suitable alloying element. While some elements had a very
harmful effect, a number of the fourth element additions, particularly
aluminum, improved the creep

Available data prior to

properties somewhat.

JJ!?IRODUCXCOIV

the initiation of this experimental program—
on magnesiun+erium forging alloys indicated that these alloys possess
en unusual.combination of low density and relativelg M@ properties
for elevated-temperatureservice-up to at least 600 F. (A comparison
of the high-temperatureproperties of maguesi~erium wrought alloys

.
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NACA TN 2097 “

with those of two wrought sluminum alloys is given d the appenc&c.)
While the magnesium—ceri~ se alloys have not been widely used,
they have been tiestigated experinmntally, and forgings of en alloy
simil~ to the EM-42 type had limited use in Germ9my dur~ World War II.
The EM-42 alloy contains a nominal 4 perc+t cerium and 2 ~ercent
~ese~ w~e ~ CORta@ a RO~ 6 percmt cerimu md 2 percent
mangenese. The cerium content referred to in this report is actually
rare-earth content of which approxhuately cm+hal.f is cerium. The
obJective of the research program was to obtain an @movement in these

qesi~eri~ ~oys ~ respect to mti ele=ted–teqerature tensile
properties and resistance to creep.

The aqerimental wch?lswas concerned with:

(1) The constructim of indirect artrusion tools whereby a.larger
extanmion billet could be used with a given press capacity and a more
uniform exkuded product would be secured than is obtainable by the
usual direct extrusion methods.

(2) The conducting of prelliminmy tests to detemine the proper
ex5zu.sionteqmature, e*ion rate, degree of reduction, end heat
treabnent to yroduce optimum high+eqxmature properties.

(3) l’he proce=ing mil testing of a large number of experimen~
alloys, using the standsrd procedure developed under item (2). These
experimental coqositions were exbuded and &a&treated, after which
the tensile properties at room temperature @ at 6000 F were obtained.
In ad~tion, most of the compositions were also subjected to a
scre~ut creep test conducted at 6000 F.

Although the magnesi~eri.um alloys are fairly difficult to
prepare and cast into sound ingots, no development of this phase of the
project was reqtied since a satisfactory melting procedure had been
previously developed on a project for the - Materiel Comnsmd,Wrigh&
Patterson Air Force Base.

This program was conducted at the Battelde Memorial Ihstitute
under the spmsorshi~ and with the financial assistsace of the National
Advisory Committee for Aeronautics.

I?ROCEOUREAND EQUIRENT!

Melting Procedure for llagnesi~erium AJloys

Most of the mgnesi~eriumSbase tioy compositions were prepared
by the melting technique developed on the pro~ect previously mentioned.

.
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. NACA TN 2097 3

By this method of melting, the fluid salt flmes were replaced by dry

nitrogen which protected the metal during the melthg o~eration.

Specifically, this melting procedure consists of melting magnesium-
cerium scrap sad magnesium+ase mterials first in a steel crucible. 32?
the chsrge so added to the steel crucible -ends above the tq, i-tis
necesssry to protect the charge, a~~ the iuitial psrt of the melt=,
with Dow 181_reagent. As soon as the chsrge settles below the Crucible
top, the crucible is covered sad by nitrogen introduced over the
surface of the charge. It is quite possible, of course, to perform the
melt~ operatim without loadhg the crucible above the top so that
the entire melting operatim can be conducted h a dry+trogen atmx–
phere. After the charge has been melted under the dry+aitrogen aimms–
phere and the temperature of about 1400° 1?is reached, the cover is
removed and d.loy additims made, with Dow 181 reagent used to protide
protection against burning. After these alloy additions melt or
dissolve and the crucible charge has been stirred to produce a lmiform
composition, the cover is replaced and the melt reheated to alout
1400° F and held for about 30 minutes at 1400° 1?under the protective
nitrogen aianosphere.

The metal is then poured into a yreheated steel ingot mold 3 inches
in diameter at the bottom, $

– inches in tiameter at the top, and
4, 14 inches deep, with Dow 181 agati being used as a protective agent to

prevent burning during the pouring operatim. Stice the melt tq=a~e
is high and the hgot mold is preheated to approximately the same t-

r,
perature, it is possible to hold the melt for about 3 minutes before
solidificationbeghs. This provides an opportunity for certi~ n-
metaJJic psrticles to settle.to the bottom of the ingot mold. Water is
then introduced hto the tank holding the ingot mold and, as the water
level slowly rises, the @got solidifies from the.bottom upwards.

About 1/2 inch of the bottom of the imgot is sawed off, fractured,
and examined to make certain that sJJ the heavy Zmnmetallic particles
sre contained in a small volume near the bottom of the ingot. The top
of the ingot is cropped off to produce a biJJet about 10 inches long.

TMS is sc~pea to 2; inches in iliametarpreparatory to arlzx.

Since most of the slloys contain 2 percent manganese, this is added
in the form of A.S .T.M. Ml alloy melting stock. Accordingly, Ml alloy
containing 2 percent manganese was prepared in a separate melting opera-
tion. To do this, 3 percent manganese in the fomn of manganese chloride
is added to the commercially pure melt at 1650° F, using a protective
covering of Dow 310 flux. After the mangmese has been absorbed, the
melt is cooled to 1450° F and poured off into ingot molds preparatory to
remelting when preparing the experimental alloys. The use of any flux
containing manganese chloride must he made in a sep&ate melting operation.

—...—”- —.. .__. .— _ ___



4 NACA TN 2097

If this is not done, the manganese chloride”wi~ react with the cerium and
cause a serious loss.

After the sorap magnesium+ erium alloys and magnesiu&base materiel
have been melted, as described-above, and the melt heated to 1400° F
under a protective atisphere of fitiogen, the cover is then removed,
and the cerium as well as the minor elements sre added as indicated.
The minor element additions were made In a phosphorizer at the same time
the cerium addition was made. However, a number of the higher melting-
point metals were added to the Ml alloy composition at 1650° to ,17500F
in a separate melting operation during which Dow 310 flux could be used
for protection. These high melt~oint metals could not be added to
the magnesiuwcerium alloy because the nitiogm a-sphere is not pro-
tecti-veat the high melt temperatures req~ed to obtain proper solution
of such difficultly sohible elements.

Although a few qerimentsl alloys containing b6ryllium as a ml.nor
element were melted under Dow 220 fluz follow5ng the recommended
conmercisl practice, this procedure was generally avoided because the
Dow 220 &Ld not always separate satisfactorily tiom the metal, and thus
caused flux inclusions. ‘

Rtrusion Equipmmt .

The drusian equipment inolud.eda 250-ton press. This press was
equipped with intiect extrusim tools and figure 1 shows an assenibly ,

drawing of them. ~ order to reduce the heat loss from the container
through the bottom block, 1/8 tioh of ~amsite initiation was placed
between the ccmtainer emd the bottom block dn whtch it rested.

The in~ect admmion method was chosen over the direct method
because (1) lower ~ pressures are reqtied, thereby permitting
the use of a lager exlamsion billet for a given press capacity, and (2)
the edmuded rod is reported to be more uniform from one end to the
other beoause of the mmner in which the metal flows from the container
through the tie.

A photowaph of the hydraulic press with the extrusion eqvipment
in place slong tith ~0 sc~ped b~ets iS Presented aS fi- 2 ● .

By the indirect extrusian method, the erbnzsion billet is placed
in the preheated contain= smd, as the die at the end of the ram moves
downward, the metal is extruded through the hollow ram, and in this
instsnce, up through the top of the press.

— .— -
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Creep Test

The equipment used to obtain the data on the creep properties of
the experimental aJloys is iXLustratedby figure 3. Each testing unit
is equipped with a chromiuwplated copper or steel shell furnace,
6 inches in diameter and 18 inches long, wound with l+e Chromel A
wire and insulated with silica gel. These furnaces may be used for
creep or stiess-rupture tests w to 18000 F, but 600° F was the msxhmm
temperature employed in this Investigation. A S- Wid.OW iS prOVi&3d
at both the front and back of ‘thefm?nace for measuring the deformation
of the test specimen by optical means.

r

+

A standard O.50>inch test specimen and calibration specimm are “
shown by figure 4. The temperature gratient in the furnace can be con-
trolled and changed by means of externel shunts along the tap furnace
Wi.nckblgs. For this purpose the calibratim specimen shown in figure 4
is used, sad the furnace is shunted so that the maxhum temperature
variations measured by thermocouples at positi- Ti, Ci, Bi, To, Co,
and B. do not exceed ~3°. F at the test temperature.~ 331some cases,
even smaller variaticms are obtained. AU temperature variations ere
kept below the maximum allowed by reference 1. During the actual creep
or stress-rupture tests, thermocou@es are located at positions To
and B. and are used for adJusting the test temperature. Thermocouples
are also placed in positions T and B, the control ~couple at B,
end the recorder thermocouple at T.
while the test is in progress.

The load is ap@ied to the test
with a 9:1 ratio.

These thermocouples can be replaced

specimens by means of a lever era

Although stmess-rupturO tests were not made on this project, the
illustrated equipment is fitted with a switch mounted on the lever—arm
stop under the lever arm in order to turn off the power to the furnaces
and stop the clock when the test specimms break. The clock measures
the duratim of the test to one-tenth of an hour.

The test temperature of each fwnace is maintained by Tag Celectiay
tidlcating controllers equipped with a throttling mechanism for closer
control. Foxboro contro~ers with a heater loop anticipating device
are also used for the oontiol on some test units. For measurement of
deforruation,platinum strips ae used which we attached to the shoulders
of the spechmn, one at each end of the gage length. Figure 4 shows the
strips in position upon the test specimens. A series of very fine cross
mlm is ruled on each stiip. Changes in length of the test spec-
are measured by deteminhg the change in tistance.between two chosen
cross mks, one on each strip.

,“
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The microscope, with winch.deformation readings sxe made, has an
,,

eyepiece fitted with a filar micrometer, and is mounted on a graduated
screw. Calibration shows the smallest division of the filar eyepiece
to read 0.00005 inch which, on a gage lenc@h of about 2.3 inches,
provides readings slightly over 0.000CQ inch per inch or about 0.0’02
cent. Deformation readings me usually made daily by two obsemers.

per-

HQh+I!emperature Tensile,Test

The only elevated temperature at which the experhental compositions
were tested was 6000 F. Briefly, the hig&temperature tensile test
consisted in placing a specimm in a specially calibrated furnace
mounted on the testing machine. The furnace was calibrated so that the
temperature variatims between seven thermocouples were on+y ~“ 3“.
Generally, sm even closer tqerature range was achieved. Upon reaching
the desired temperature, the load was applied at the rate of 0.01 inch
per minute per Zuch of gage length until the 0.2+ercent @eld s+nm.ngth
was reached; the rate was then increased to 0.3 inch per minute per inch
of gage length until rupture occurred. All of the bars were stabilized
prior to the testin& temperature. The stabilized and mchined bars were
inserted tito the furnace, maintained at the testing temperature, and
the furnace temperature again brought to equilibrium. This required 20
to 30 minutes after which time the test bar was broken. Stress+ train
curves were obtatied on each,specimen, thus providing the data on
proportional limit, modulus of elasticity, and yield strength.

PmmMmmY TESTS

Before the work on the experimental.compositions could be Uncle%
taken, it was necessery to determine the optimum extrusian speed, the
e-ion temperature, the degree of reductim, smd the heat treatment
to be employed in the exper=tel work. It was also necessary to
determine which maguesiuwcerivm+naqganese alloy, E&42 or R&62,
should be used as a base material. These preliminary tests were carried
out on alloys containing 4, 6, or 10 percent cerium, with and without
mangsnese, and 18 heats were prepared for this purpose.

The nmchined biuets 2~ fiches h diametcw @ 10 ‘incheslong were

prepared as described. The billets were then preheated in a furnace
contabing sulphur dioxide as a protective agent, brought to temperature,
smd then tmnsferred to the preheated container on the @rLrusim equip-
ment. This container was heated by the electrical-resistemcemethod
us@ a controlJ-erfor proper operation. Thernmcouples were inserted
into the contdner near the top and bottom, and their teqmratures were
recorded along with the billet temperature, the speed of ext.nmsion,and
the pressure required.

.— . —-—
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Effect of extrusim rate end temperature.– standard El&&2 alloy

ingots were ertruded through a 3/4-inc&diameter die at edrus ionrates
‘of ~.~ to 27.3 inches per minute, at exhaling teqwatures of 1000°,.
900 , 8g0°, 800°, ana 750° F. These bars were heat+tiea.tedfor 3 hours
at 1000 F and aged for 16 hours at 400° F; the tensile bars were
macblned, and room+temperature tensile properties obtained. The restits
of these tests are listed in table 1 and are graphically repres.3atedby
figure 5.

As iniklcatedhy ta%les 1 ead 2, for a given extrusian rate, the
best tensile properties at room tempmature and at 6000 F were obtained
at e*ion temperatures of 900° to 1000° F. The highest tans~e and
yield strengths and lowest elongations were obtained, for a given
etiusion temperature, by the slowest ex+musion rate; whereas, the most
rapid erb’usion rate produced the lowest tensile and yield stmengths
=d the highest elongation values. For this reason, 4.11 tithes per
minute was the e*ion rate chosen for the balance of the experimental
work.

Effects of degree of reduction and of heat tieatment.– The effects

of ertrusion conditions and of heat tieatznenton the tensile properties
at room teqerature ad the tenwlle and creep properties at 6000 F were
investigated by *d@ standard EM-& alloy at 8000 and 1000° F
thrOU@ l/2–tidl- @ 3/4-inch+iameter dies, at an ~i~ speed of
4.11.inches per minute. Each set of specimens was tested after a COP
plete heat treatment and after stabilizatim only. The solution heat
treatment consisted of 16 hours at l@+OO F, and the a+@g -&eaiment was
carried out 16 hours at 400° F. The stabilizing treatment performed
on the heat-lreated bars as well as the as+xfruded bars tested at 6000 F
consisted of 24 hours at 650° F. This stabilizing tiealment has been
the standard one used on a12 magnesi~erium alloys prior to testing
at 6000 F. The billets @r&uded through a 3/k.-inc&diameter die were
given a 93.75-percent reduction; whereas, those druded through a
l/2–inc&diameter die were given a 97.22@ercent reduction.

Saqles for each ~ condition and each heat treatment were
s~jected to tensfie tests at room temperature and at 6000 I?,as we~
as to creep tests at 6000 T. ~ tits obtained on this pti of the
experimental work sre listed in the first 10 ldnes of table 2,
heats A2985, A2986, A3056, and A3057.

While the creep data are not strictly coqmrable, as ticated by
the data in table 2, it will be noted that the room-taqerature tensile
properties obtained hy the higher degree of reduction are not markedly
clifferent from those obtained by edzruding to 3/k--tic&3lameterbar.
This is probably contrary to ordinary experience where direct extrusion
methods sre employed. Had a direct extrusion method been used, it is

——..-_. _ .— _ ._. _— . —— –.——._ ________._
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qtite possible that some benefits “mayhave been obtained by the higher
reducticn. However, with the experimental ertrusion methods employed
on this project, it is evident that little is gained by the higher
reduction by the erlrusion process. IRurthermore,the use of a l/2–inch-
diameter bar would very seriously complicate the high=teqerature tensile
tests.

Figure 6 shows the microsta?ucturesat 100X of = .a310ygiven .a
reduction by exbmsions’ of 85-9> 93.75> ~d 97.22 PerCent. While these
photomicrographs show that a fairly stistantial improvement is obtained
in the uniformity of the stiucture when the reduction is increased from
85.9 to 93.75 percent, a relatively sli@t ~re=e ~ ~o~ty of
slzucture has been obtained by increasing the reduction Rrom 93.75
to 97.22 percent.

Heat _&ea_bant has a very marked effect upon the 6000 1?tensile
strength and creep properties; however, the heat treatment has very
little effect upon the roo~temperature tensile properties. Thus, a
comparison of two sets of bars from the same heat in which one set was
given a solution, %x, =d s~bi~zatt~ treatment) wher=s the other
was stabilized only, shows that en increase of about 1500 psi in tensile
slmmgth is obtained on the bus given the complete heat treatment
at 6000 F. ~ adtition, the short-time creep tests at 6000 F and
a 1300+si load show the mi@mum creep rate is 0.013 percent per hour
for the stabilized material.,whereas 0.0005 percent per hour is the
minimum creep rate when the same aJJ_oyhas been soluti~eat-tieated,
aged, and then stabilized. It is obvious, on the basis of these resultsS
that a fliU solution heat tieatment followed by aghg was employed on
all the exper-tal compositions. Those hers which were tested either
in tension or in creep at 6000 F were also stabilized for 24 hours
at 650° F.

It was initially tho~t that the best procedure would be to

extrude the 2
i
– inch+iiameterbillets to l–inch squares and then forge

these l–inch squares to 3/4-inch~ameter bar, from which the test
spechnens could be machined. It was soon discovered, however, that,
while this procedwe “couldbe carried out, it was rather tedious and
slow because the experimental alloys did not necessarily forge very
satisfactorily even after the exbnzsion operation. Therefore, this

procedure was abandoned emd the 2~ – incb+iiameter bildets were extruded

to 3/4-inck+Mwter rod which was then heat+treated and subjec~ed to
the routine tests. ‘

Effect of cerium and mwan ese contents.— A heat of lNv@+2alloy

containing 4 percent cerium and 2 percmt manganese was prepared in
order to evaluate the destiability of using the - composition as a

.

.
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base rather them EM-62. me data on heat A2980 in table 2 show the
tensile properties at room temperature and at 600° F as well.as some ‘
results of the creep tests. Again, a very msrked improvement was
obtained by the solution heat treatment followed by aging and then sts=
bilization. This improvement is indicated not onlyby the markedly
improved hig&temperature tensile strengths but slso by the very much
lower creep rate. It will be noted from these data that El@2 and EM-62,
heat-treated and aged, p&oduce about the same room-temperature tensile
properties and resistance t~ creep at 6000 F. However, at 6000 F, the
yield strength of E@12 alloy appears to be about 500 psi lower and the
tensile strength about 1000 psi lower than the strengths of the_2
composition. Therefore, the -2 composition was chosen-as a base to
which the various experimental additions were made.

A comparison of heats A2857 and A2838 in table 2 shows that an
increase in cerium content to approxtiately 10 percent reduces the
elongation, but does not increase the yield or tensile strength markedly “
at room temperature. At 6000 F; both the yield strengths and the ulti-
mate strengths are mibstantiallyhigher than those obtained by 6 percent
cerium. Itois remarkableslso that this improvement in tensile prope~
ties at 600 F is accompanied by a substantial increase in elongation.
However, there is a good possibility that such a high cerium content may
increase the difficulties of forging; therefore, this high cerium content
was not selected as a base for the experimental alloy additions. These
improved tensile and yield values warrant further considerationwhen
developing the optimum composition of the magnesim+cerium type of SJ1OY.
Data on heats A3225 snd A3226 indicate that, on the basis of the tensile
data only, the manganes+free alloys have quite favorable tensile prope~ ‘
ties at room temperature and at 600° F. However, in the absence of
=~ese~ the ~- creep ~te of -O slloy is about 16 times higher
than when manganese is present. Consequently, no alloy development was
based on the EM-60 composition.

Established procedure.– Qn the basis of the results of the prelimi-
nary tests, the following procedure was established as standard:

(1) Ingots were extruded by the inrllrectmethod flrom2
i

inches h

diameter to 3/4 inch at a ram speed of 1/4 inch per-minute, correspandi&
to about 4 inohes of extrusimper minute, and at a billet and container
temperature of 900° to 1000° F.

(2)‘Eztruded 3/&inch ber was heat-treated 16 hours at 1040° F
and aged 16 hours at 400° F. The portion of axtruded bar subjected to
tests at 6000 F was also given a stahiliz~ treatment consisting of
24 hO~s at 6500F.

— .-.—— –—- --—-- —J—— .———.-—— ——
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(3) With a few minor exceptions, all of the eqxxrimental alloy .
adtiitionswere made to a base composition consisting of 6 ~ercent cerium
and 2 percent mamganese.

(k) After heat tieatment, all esdrusions were machined, tensile
properties obtained at room temqmrature and at 6000 F, and creep data
secured from tests conducted at 6000 F =a a 130@psi load.

d

One hundred and nine @rperimmtsl magnesium heats were rode, most
of which had a base coqosition of 6 percent cerium and 2 percent
~ese. Usually also the minor additions were made in quantities
of 0.1, 0.5, and 2 percmt. Lesser amounts were added when the SOIW
bility of.the third element h the liquid was low. The single minor
element additims tiduaOa:

Alumlnum
silver
Arsenic
Bcnmn
Barium
Beryllium
Bismuth
calcium
cadmium

Cobslt
Colunbium
Copyer
Cbromlum
mm
Germanium
Ikldium
Totassium
Lithium

Molybdenum
Soaium
Nickel
Phosphorus
Antimony .
Lead
Tin
silicon
Stimtium

Tantalum
Tellurium
Titanium
Thallium
-vanadium
-t=
Zinc
Wconium “

The composition of all the experimmkl alloys prepsred and data on
their tensile properties at rocm temperature and 6000 F are listed in
table 2. Tn additim, the results of the shart-thue creep tests are
elso IiStia au many of the alloy Compositims,’ but this portion of the
testing is not yet completed.

The e~erimental alloys containing minor element additions of
SflV=, barium, cadmium> ~ckel> so~~> s~~tium> ~d z~c~~ had
tensile properties somewhat higher than R&62 alJ_oyat 6000 F. Addi-
tions of nickel resulted in the higher tensile properties at 70°
and 6000 F. Quantities of 0.1, 0.5, and 2.0 percent nickel produced
a marked improvement in the tensile s_&engthE and yield stmmgths
at 6000 I?,~a quite satisfactmy tensile properties at room temperature
were also obtained. On the lasis of these data, the yield sbmngth is
raised about 2500 psi and the tensile stmength about 3000 psi at 6000 l?.
However, in tiew of the possibility of some experimental variations,
these results need to be verified before complete acceptance. The effect
of sotium was particularly Wkresting in that it caused er&enm brittle-
ness smd low properties at room temperature, but fatily high tensile

b
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properties were obtained at 6000 F. Because of the increase,in duc-
tility of this alloy, the tensile properties were actual+ higher
at 6000 F than*they were at room temperate.

As indicated by the comparative data obtained from the literature
and on this project on the relative hig&temyeratur,e properties of
alumimw and magnesium+ase alloys, it is evident that the mgnesium-
cerium wrought aJloys have excellent tensile properties, but in co~
parison with cast alloys hme rather poor resistance to creep at 6000 )?.
Minor additimm of barium, bismzth, beryllium, calcium, cadmium, lead,
tellurium, and alundnum may have produced a minor @romment in the
creep properties of II&62 ednnmion at 6000 F. ~uudnum, at least in
the initial tests, is outs~ so far in that it produced about a
tenfold reduction in the average minimum creep rate ti the standard
creep test, Figure 7 illustrates t~ical time-deformation curves
showing (1) a comparison of E&@ and E&@, (2) the effect of heat
treatmemt, (3) a harn&ul (2.4+ercentiadmimn) addition, and (4) a bene-
ficial (o. fiercenlHmmLmm ) aU.oy addition. Some elements, of which
cadmium is outstandtigs ~Ve a verY harmful effect on resistance to
creep.

It was thought possible that, since among wrought light alloys
a ftm+jrain material has a markedly poorer resistance to creep than a
similar composition having coarse grain, some effort should be made to
produce a coarse~ain exb?usion. Two methods were investigated in
an effort to increase the grain size as follows:

(1) Cold–roll@ the arlmsion a small amount prior to the solution
heat trea+anent. Such small cold reductions followed by a hig&
temperature anneal frequently produce a relatively cosrse grati.

(2) Usiagaprolonged heat-tzwatingperiodatl@O°F, at which
temperature grati grow%h would normally be ~ected to occur, at least
slowly.

Neither of these methods of producing an,increase in grain size
was particularly successful, and it is concluded that the hpromment
in creep properties must be brought about by alloy additions.

131G~ QXIIW’ION OF MAGNES~ALLOYS

*

Creep tests on magnesi~erium casting alloys conducted on another
project (reference 2) showed that, at least during periods of high
humidity, prolonged exposure to 700° F produced a wry marked scaling
of the aUoy with preferential attack of the cerium+rich phase in the
alloy. Such oxititicm would, of course, seriously limit the use of

— —.. —.— .—_ .._ ___ .——z .—. ——. — — —— --
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alloys, and it was also noted that this attack was
still serious after exposure for prolonged periods

*

There are, h general, tio reasmably practical ways of @roving
the resistance of these alloys to oxidation. These methods are as
fOllows:

(1) By means of an alloy adtitian ‘, a protective f~ my be formed,
preventing further oxida.ticm. While there is no obvious example whereby
this principle is applied in light-aJJoy metallurgy, it is well known
that silicon, chromium, or alundxnmladded to certain ferrous materials
will greatly increase their resistice to oxidaticm by tiue of the
surface film formed. Bery~ium in both dmdnum and ~SiUm melts iS
an example whereby the protective film produced by the beryld.iumreduces
oxidation of the molten metal.

(2) Chemical coatings applied to the magnesium-cerium alloy may be
protective ad, thereby, increase the resistance of the sUoy to
oxidation.

Both methods have been investigated. The possibility of using
the first method wak examined by testing all of the heat-treated,
nmchined test bars of all.experimental.alloys fractured at room temp~
ature, including all compositions up to heat A3275. These mactied
test bars were exposed to oxidation at 700° 1? for 900 hours. In
addiixlm to these, machined cast test bars were subjected to various
types of coatings, end coated end uncoated samples were also exposed “
to the 700° 1?atmosphere at the ssms time. Data on the chemical
coatings are listed h table 3, emd the data on the experimental test
bsrs end on the coated sad uncoated cast samples are listed ti table 4.
On the basis of these results, the folJ-owingconolusians are made:

(1) Extrusions scale and oxidize mme then castings of the EM-62
composition.

(2) A reduction b ceriwm content, the elhhation of manganese,
or the additi~ of ‘0.5or 2.0 percent aluminum or 1.0 percent silicon
eliminates the sod-e formed on the R&62 extrusions exposed 900 hours
at 700° F, but does not adequately reduce oxidation of the cerimrich
constituent adjacent to the surface.

(3) Only the fluosilici=cid treatment has
oxidation attack of the cerium+rich p@e at the
EM=@ Specimen. This coathig has not been tried
this alloy.

mmkedly reduced the
surface of the cast
on an -Usion of

.

?

.

.

—

.

——



.

NACA TN 2097 13

.

,.

The results from the
be summarized as follows:

1. Eighteen heats of

SUMMARY a? KEsum!s

investi~tion of Mgneslum-cerium alloys my

_sium cmta~ 4, 6, or 10 percent
cerium, with and without mmganese, were made to establish the best
base compositions for the experimental work and to detemine the best
etiusim ad hea++tieating cmditions to enploy. As a result of this
portion of the work, a base composition consisting of 6 percent cerium
and 2 percent manganese was chosen for adtitims of the fourth element.

The extrusion of a 2~ -billet to 3/4 inch at 1000° 1?smd a speed of

k. U. inches per tiute foll.owedby a solution heat treatment and an
aging treatment produced the best conibinationof tensile properties at
room temperature andoat 6000 F, as welJ.as mxinnnn resistance to creep.
AUoys tested at 600 F were also subjected to a stabilizing tieabnent
consisting of 24 hours at 650° F prior to testing. It was found that
the heat-beating and aging operation greatly @roved the resistance
to creep as coqared with that obtainedby a stabilizing treatment rely.

2. One hundred and nine experimental magnesium alJoys containing
6 percent cerium, 2 percent manganese, wnd a fourth element a~tion
were prepared. After the exlrusion and heat-tmathg operations,
tensile and creep bars were machined from the extrusion product, and
tensile properties at 70° and 6000 F were obtained on all the exPeri–
mental heats. llaadditicm, short-time creep tests at 6000 F and a load
of 1300 psi were carried out on over onshalf of the expe.rhental
compositions. It was found that the tensile properties of the EM-62 “
composition at 6000 F were apprmtly improved by the following single
element additions: Silver, barium, cadmium, nickel, sotium, strontium,
or zirconium. Of these elements, nickel had the nmst outstanding
beneficisl effect.

3. Since the creep resistance of the magnesi~eri~anese
wrought alloys is markedly inferior to that of similar compositions in
cast form, considerable emphasis was placed upon the attainment of
better resistance to creep. Efforts to improve creep resistance ly
increasing the gain size of the extrusions were unsuccessful. AS a
result, the most plausible method of @roving creep resistance appeared
to be the addition of a suimble alloying element. Wlile some elements
had a very harmful effect, a number of the fourth element additions,
pwticularly alumimm$ improved the creep properties somewhat. It WZM
found that aluminum reduces the creep rate in the standard test to about

— -_— .. ——.. -. .—. — -——— ..—, .—. ——..
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one-tenth of the value which is obtained without aluminum. The effect
of aluminum needs further investigation, howevw, to determine the
o-pthum composition sad the precise amunt of the beneficial effects
obtained.

4. Experimental.work on cast alloys csrried out on another project
(reference 2) indicates that magnesi~erium alloys are oxidized very
severely when they are wosed to long periods at temperature of 700° F
or even at 6000 F. There is some indicaticm that this oxidation Is
more severe when the humidity is high. This oxidation will, of course,
seriously lhit the applicatim of mgnesium+erium alloys because of
the surface attack. The two most protising methods of reducing this
surface oxidatian are by (a) alloy additim- and (3) the application
of chemicel coatings, preferably those which do not nnrkedl.ychange the
dimension. Both methods of reducbg surface oxidation were investigated
and it was found that, when exposed for 1000 hours at 700° F, R&62 eti~
sions oxidize more readily than castings, and that O.~ or 2.0 percent
aluminumor 1.0 percent silicon added to EM-62 m%rusions reduced the
scaling somewhat. A fluosilici~cid ctiting, described in.table 3,
markedly reduced the oxidation of the magnesi~erium constituent in
cast R’@2 alloy, bti this coating has not yet been tried on extruded
alloys●

.

Battelle Memorial Ihstitute .
Columbus, Ohio, Aug. X2, 1947

.
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COMPARISON OF FIAGm~ WROUGEC ALLOYS WITH TWO

WROUGHT AIIJMINOMALLOYS

A comparison of the mgnesium+erium wrought alloys with two
wrought aluminum elloys, 18S+ and 32S+C, which are sometimes used for
forgings for high-temperature applicatims, is given in the following
&L3cussion. Wormation on the high+tempeiratureproperties of alumi–
num aU.oys is taken from refermce 3 and the hig&tamperature prope~
ties of magnesium=cerium wrought alloys are taken largely from refer-
ence 4. Figpres 8, 9, and 10 show a comp=ison of the effects of
temperature on the tensile str@= yield strmgth, and percentage of
elongation, respectively, of the two wrought aluminum alloys, 32H
and 18WT, and the two mgnesium-cerium wrought alloys, - and El@@.
~oy II&@ contains a nominal 6 percent cerium and 2 percent manganese,
whereas alloy El@@ contains a nominal 4 percent cerium and 2 percent
manganese. The cerium, of course, refers to the rare-earth content
rather than the cerium content which constitties approximately one+alf
of the rare earths present.

Ih order to differentiate clearly between the tits on the aluminum
alloys and the magnesium alloys, the mgnesium alloys are represented
by solid liReS; whereas, the aluminum alloys are repres=ted by dashed
lines in these figures. It will be noted that, at teqmratures up to
and including 300° F, the properties of the aluminum alJ-oysare some-
what superior. At 400° F, the properties of the aluminum alloys drop
quite rapidly with the result that, at this temperature and at 500°
end 6000 F, the tensile properties of the wrought magnesium+ erium
alloys are substantially superior to the two aluminum aJloys commonly
used as forghgs for high-te~erature applications.

There are practically no comparable data available on the effect
of temperature on the fatigue properties of the two aluminum and two
magnesium-cerium alloys.

There are available some data on the effects of temperature on
the creep properties of the four alloys being considered. It is quite
difficult to ndce reliable comparisons because the creep tests are not
always conducted under comparable conditions, particularly when the
data are obtained in two different laboratories. Furthermore, in some
titances, the
so that curves
parable. Some

initial defommtion is subtracted’from the elo&ation
representing total elongation against load sre not COIR
of the ed.sting data on the creep properties of I&@?,

.
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El&@, 18S+l?, and- 32S+2 me indicated in table 5. 5s table shows the
creep rate of the various alloys at various temperatures and loads.
The listed average creep rate is for the interval 48 to 96 hours of
exposure to the test. This is a rather short time of exposure, and
many alloys do not obtain their minimum creep rate during this interval.
It is welJ-known that grain size, at least in the wrought eluminum
alloys, has a very large effect on the creep properties since the creep
rate for a given loadlng condition will increase markedly with decreasing
grain size. This is probably true of the magnesi~erium aJloys also,
and thSS is one factor not usually reported for the creep data.
Another factor is the effect of stabilization. It wi12 be evident from
the data in table 5 that a stabilized -esium+erium &Uoy has a
higher creep rate than a unstabilized alloy ~osed to the same condi–
tires of te~eratwe ad load. This effect of stabilizationis another
factor which makes creewrate data difficult to compsre when they are
obtained in clifferent laboratories or under different conditions. 3X
the magnesium+ erium sUoys listed in table 5 had been heat-treated,
their creep properties would have been better. Tn view of the effects
of stabilization, grain size, heat tieatmmrt, and possibly other factors,
the data in table 5 we not comparable to a high degree. However, there
are some indicatims that the ma+ym3iuwcerium wrought alloys have so-
what highm creep rates under the listed conditions of load than the
aluminum ~0~ , la or 32SPT.

Data obtained at Battelle show a compsxison of creep rates of cast
and wrought FM-@ as follows:

Alloy and
conditions

E&62 heat-treated,
aged, and stabi-
lized, cast

=2 heat-treated,
aged, and stabi-
lized, extruded

%mperature
(%)

600

600

TD-lnatim

bad of test
(Psi) (~)

T2500 100

I
2500 113

Total
Ieformatian
(percent)

0.18

.27

creep rate
;percent/hr)

0.0007

.0380

Table 6 shows a comparism of the creep properties of cast end
. wro@ht 142 and E&& alioys taken from references 3 and 4. It will be

noted from these tits that the wrought aluminum alloys were only slightly
inferior to the same composition in cast form. ti the other hand, at
a load of 2200 psi, the wrought E&@ alloy at 500° 1?has a creep rate
10 times that of the same composition in the cast form, but at a
temperature 100° F higher.

n

.

w

‘-

.

?
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In general.,cast EM-62 in the hea~treated, aged, and stabilized
condition at 6000 F and a 25@O=psi load has a creep rate similar to
‘that of extruded=2 in the heat-treated, aged, and stabilized condi-
tion at 6000 F, but at only a load of 1300 psi. The importance of
improving the creep properties of magnesium-cerium alloys is therefore
evident.

. .

.
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TABLE4.-suFmcE oxlDATImoF’EmmmmALAIum3AHD mAmo AEoumoATED

OASTALLOYSAETERE=WUEE AT7a1°rm9cK)mxlm

25.,

Surfaoe

Heat
htalaed coating Visual.obsemation Mi~OBOOpiO 0bB01T8ttOIl>

oOmpoBition
of scale depth of pa?letiticm

on surface (mm]

A~35 mm Verybad
A~36 None Verybad
A3237 None H
A2316 M + o.~ None veryw
A30-59 - + o.lBa ~me &d
A3(%0 m&@ + O.* mme verybaa
A2455 E&& + O.uli H- Baa
A~Ol M + 0.91 none Bad ~
A2457 M + O.$mi Elms somemale

A2473 lm-@+ l.gca None Verybad
A~& m&&?+ l.~ wale verybe.a
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A3058 . mm verybaa
A21ka n- i-O.m Hone Verybad.
A24@ E&@ + 2.m None worst
A2463 Hm&&; :.= male verybed
*464 Hcme Verybad
A24& ml-%?+ O:m None verybaa
A2450 ~ + O.lsn am verybad
A2453 B- + O.h Hone Verybad
A~Oj E&@ + 2.- Hale Bornemale
A2445 I@@?+ O.si None verybad
XZ’446 E- + o.3si Hone verybaa
A~@ X + O.lTe rialle
A3203 E&62 + O.me Ha verybaa
A2467 ml@ + O.rm mm Verybad. “
A2469 IW-62+ o.4Tl mm VW baa
A2444 m&&!+ O.lzn Hone worst
A3ti m&& + o.5ml Hone Baa
A2449 n- + 1.55 none Bad
f12479 BK&?+ O.lzr None Pay ha
A2478 EM-@+<0. OJBe ITone verybaa.
J@& E&62 + <0. OIBe mile vw baa

<0.@m mne
A2630 Et-l@ + <O.0113e male Bad
A2834 lW-@+<0.0@3e WIla Verybaa
P2835 Iw-6z!+<0.qxle rhle veryw
A2836 FM-62+<O. O@e Iwle
A2837 IW@ + <0. COjBe male Bad.
A2838 m-e +<0.0C5BS Ibne Bad
-7 Rt-62+<O. O@e mne %rybsa ,
A~06 mL42 + O.I.M mle verybad
A@’j’ W-62 + o.~ mm worst
A~@J 2$!4!+ o.Ice. Rma Bad
AX-53 3ce. lime Iio male 0.35
Am& 3Ce,0.6Zr rhle Ro soele .25in .*

A2W55 3ce,o.8=,~ None Ho .&e .40
A@% 3Ce,0.7Zr,2ti mnle 80rmecale
A2~ 3&,o.6ik,3m mule No scale .&l
A-O mW2 + O.* Iiw3e

I!2&@+ 2.CXa
veryW

A~U mne varybad
A~12 E&@ + 0.3AI Iione Ead
A3213 m-62 + o.~ mne Eo male .40
A3214 IX-@ + 2.oAl mane EO ecale . .50
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!CmLE4.–SURFACEQmDAmmuE ~ ALLOIsANDCOATEOAmlJmamm

CAsTATLOmJmzm~AT700° FFt3R9XlHOUW -Cmu&n&i
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Col@3aiticm & Visual observation Mica?oscopiuOllsarvatlm,

of sale @tJl OfPsletxaticsl
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C-anaiticm

m-t
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Rot
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not
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Wabillzad

l’iot
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gtabuzed
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Not
stabilized
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tabillzedb
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tabillzedb

tabillzedb

,ixibilizedb

cPsTAmwRorma142 Am R&@ AILoYs

CDatatakenfrm refmmnoes 3 and4]

Total
Average

Test
(;% L%

&eep creep
rate

(pmmmqh) ~E

Conaitims
lmtion
(paomt)

( emmm%jlm)
(pm+) 75&150hr)

142– hsat-bwated and aged

1,300

2,000

2,500

2,500

3,000

5,000

L0,000

L5,000

?0,000

2$00

3,00b
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2,2CX)
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---------
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---------

.49
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------

%.@

.13

------

a.3
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------
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%.40
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-------
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.015
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-------

-------

-------
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-------

-------
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loo& &

100 hr at
6000 F

100 br at
6000F

100hr at
600°~

100hrat
600°F

100hr at
600°E

100hrat
400°F

100hrat
400°F

100hr at
400°F

100hrat
fj~O y

100 hr at

6000R

100 hr at
600°r
100h at
@ F
100brat
5co’3F

100br at
500’3F

100brat
500°F

tirudea~oys recrystallized 16hr at850°F. Caatalloysheld16hr at&xl”F
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Figure 1.- ,Assembly drawing ofextrusiontools.
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Figure3.- Battellecreep and stress-ruptureunits.
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T

Ti
--l

Bi

B

!~uo..505”w1 dia
B.

N

‘ diam.’
Calibration

spe”cimen

>Platinum
strips

Test
sp”ecimen

Figure 4.- Calibration and test specimens. Thermocouple positions denoted
by T, B, Ti, Cij Bij Toj”Coj and ~. .
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Figure 5.- Effect of extrusion speed and temperature on room-temperature
tensfleproperties.
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(a)

(b)

(c)

Heat A2465; centerofa
longitudinalsectionfrom
a 1- by 1-inchextrusion;
reductionfil,85.9percent.

Heat A2983; center of a
longitudinal section from a
3/4 -inch-diameter extrusion;
reduction 16:1, 93.75 percent.

Heat A2986; centerofa
longitudinalsectionfrom a
l/2-inch-diameterextrusion;
reduction37:1,97.22percent.

Figure 6.- Microstructure of EM-62 magnesium alloy after extrusion
reductions of 85.9, 93.75, and 97.22 percent. Unetched, as-extruded.
100X.
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1.2 “ I I I I
To 170 br,2.60percent deformation

~ Heat A298DTS, EM-62 stabilimxlonly
~ 0.013percent/’br,minimum rate

1,0

452,EM-62, 2.4percent Cd
0.006percentm, minimum rate

.8

,6 -Heat A2986B, EM-62 heat-treatedand-
stab~ed

0.00040percent/br,minimum rate

.4

0.00023percent@, minimum rate

,2

Heat A3213, EM-62, 0.5percentAl
W 0.00006percent@r, @nlmum rate

n
“6- 100 200 300 4CQ 500 600 700 800 900

Time, hr

Figure 7.- Time-deformation curves of magnesium-cerium extruded alloys at 60@ F and

a 1300-psistress.
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Temperature of test, ‘F -

Figure 8.- Effect of temperature on ultimate strength of two magnesium-
cerium alloys (solid lines) and two aluminum alloys (dashed lines).
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Figure 9.- Effect of temperature on yield strength of two magnesi~-cerium
alloys (solid lines) and two aluminum alloys (dashed ljnes).
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Figure 10. - Effectoftemperatureon elongationot
alloys(solidlines)and two aluminum alloys

two magnesium-cerium
(dashedlines).
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